Introduction
Fullerenes are widely used in the design of magnetic and conducting compounds [1] [2] [3] [4] . Transition metal complexes of fullerenes are also of special interest [5] [6] [7] [8] [9] [10] since metals affecting electronic structure and properties of fullerenes can provide compounds with promising properties. Coordination complexes of fullerenes were obtained with palladium, iridium, nickel, cobalt, ruthenium, rhodium and some other metals. It was shown that metals generally coordinate to the 6-6 bonds of C 60 by η 2 -type. [5] [6] [7] [8] [9] [10] One fullerene molecule can coordinate from one to six metal centers 6, 11, 12 , as well as metal-bridged fullerene dimers 13, 14 and even polymers 15 were obtained. Metal-centered free radicals [CpM(CO) 3 ] • generated photochemically from the {CpM(CO) 3 } 2 dimers (M = Cr, Mo) also coordinate to fullerenes C 60 and C 70 and single-wall carbon nanotubes to form EPR active radical adducts. 16, 17 Similarly metal-centered radicals formed from Re 2 (CO) 10 and {CpRu(CO) 2 } 2 in thermal or photolytic conditions add to C 60 to form coordination complexes {Re(CO) 5 } 2 (C 60 ) 18 and {η 1 -CpRu(CO) 2 } 2 (C 60 ) 19 . Potentially charge transfer from metal to fullerene can provide high conductivity at appropriate packing of fullerene anions in a crystal. Though metals in zero oxidation state show relatively strong donor properties, no charge transfer was found in the transition metal fullerene complexes. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Anionic fullerene complexes with metal carbonylates are also known: (PPN + ){Co(CO) 3 (η 2 -C 60 )} − , (PPN + ){M(CO) 4 (η is bis(triphenylphosphoranylidene)ammonium cation). [20] [21] [22] [23] Similar anionic complexes were obtained with fullerene C 70 and higher fullerenes. 21 However, in spite of that coordination units with fullerenes are negatively-charged, fullerenes are neutral in these complexes, and negative charge is localized mainly on the metal-containing fragments, such as 2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 {Mn(CO) 4 } − or {CpM(CO) 2 } − . This conclusion was derived based on the absence of the absorption bands of C 60 − in the solution NIR spectra of the complexes. [20] [21] [22] [23] Recently, 24 -coordinated C 60 is more negatively charged in 3 than in 1 and 2. We present crystal and molecular structures of 1-3 and their solid-state IR, UV-visible-NIR and EPR spectra. DFT calculations for 1 and 3 were carried out. Reference compound (PPN + ){CpMo 0 (CO) 3 } − (4) was also crystallized and its reaction with C 60 was studied.
Results and discussion a). Synthesis
The reactions carried out to prepare 1-4 are shown in Scheme. 
20-23 b). Optical properties
The spectra of 1-3 in KBr pellets ( Fig. 1 ) in the UV-visible-NIR range allow the estimation of charge state of fullerenes in these complexes. Intense bands in the spectrum of 1 at 452 and 715 nm (Fig. 1a ) are attributed to charge transfer from metal to fullerene. Similar bands are observed in all neutral transition metal C 60 complexes. [5] [6] [7] [8] [9] [10] A weak band at 1064 nm (Fig. 1a, arrow) can be attributed to C 60 •− since the C 60 •− salts show two bands in the NIR range at 930-950 and a more intense band at 1060-1080 nm. 27, 28 However, the weakness of this band indicates that the C 60
anions can be present in 1 only in very small amount as impurity. The spectrum of 2 with C 70 shows similar bands in the visible range with maxima at 475 and 838 nm (Fig. 1b) . As in 1 these bands can also be attributed to charge transfer from metal to fullerene. The C 70
•− radical anions have a characteristic band in the solid-state NIR spectrum at 1370 nm. 25, 26 The absence of this band in the spectrum of 2 justifies neutral state of C 70 . Intense absorption bands attributed to charge transfer from metal to neutral fullerene in the spectra of 1 and 2 are not found in the spectrum of 3. Instead of that only a weak band with maximum at 620 nm is observed which was ascribed to the symmetry forbidden HOMO-LUMO transitions in C 60 . 24 The bands in the NIR spectrum of 3 at 936 and 1088 nm were attributed to negatively charged C 60 .
The IR-spectra of 1-3 are given in Supporting information (Figs. S1-S4 and Table S1 ). The spectra are a superposition of absorption bands of fullerenes, cyclopentadienyl (pentamethylcyclopentadienyl) molybdenum dicarbonyl moieties and solvent molecules. Fullerene C 60 has the F 1u (4) mode which is sensitive to charge state of C 60 and shifts from 1429 cm -1 in neutral state to 1388-1396 cm -1 in radical anion state. 27, 28 The band of the F 1u (4) Therefore, the charged state of molybdenum in 3 should be closer to that in starting {Cp*Mo(CO) 2 } 2 dimers. The average bond lengths in these anions are listed in Table 1 .
Molybdenum is η 2 -coordinated to the 6-6 bonds of C 60 as well as the bond between two hexagons in C 70 . The Mo-C(fullerene) bond length is close to 2.25 Å in 1 and 2 and 2.28 Å in 3 ( Table  1 ). The Mo-C(fullerene) bond lengths in 1-3 are close to those in other coordination fullerene complexes with molybdenum (2.27-2.37 Å) [31] [32] [33] . The 6-6 bonds which the molybdenum atoms are coordinated to are noticeably elongated to 1.497(4) and 1.483(11) Å in 1 and 3, whereas the average length of other 6-6 bonds in C 60 is 1.389(4) Å. Similarly, the 5-6 bonds of C 60 a Geometry was determined for major orientation. adjacent to the 6-6 bond involved in the coordination are elongated from the average value of 1.450(4) to 1.479(4) and 1.491(10) Å in 1 and 3, respectively. Similarly, the bond between two hexagons in C 70 which the molybdenum atom is coordinated to is elongated in 2 from the average value of 1.390(8) to 1.510(8) Å. All these effects can be attributed to the π-back donation [5] [6] [7] [8] [9] [10] . Formal oxidation state of molybdenum affects molecular geometry of the CpMo(CO) 3 ( Table 1 ). The Cp*Mo(CO) 2 moieties have different lengths of the main bonds in the starting dimers and in 3. However, the geometry of{Cp*Mo(CO) 2 } 2 dimers was determined previously with a very large error (3σ = 0.06 Å).
The view on the crystal structure of 1 is shown in Fig. 4 . In spite of the presence of coordination groups, closely packed strongly corrugated C 60 layers are formed. Large vacancies formed in fullerene layers due to corrugation accommodate the PPN + cations (Fig. 4b) . The center-to-center (ctc) interfullerene distances are equal to 9.96 Å along the b direction and 9.95 Å along the c direction. Since these distances are essentially shorter than the van der Waals diameter of C 60 (10.18 Å), multiple van der Waals C…C contacts are formed between fullerenes in the layers (2.97-3.38 Å, Fig. 4a ). Similar corrugated fullerene layers are formed in anionic (PPN + ){Mn(CO) 4 (η 2 -C 60 )} − . In this case the ctc interfullerene distances are equal to 9.89 and 10.00 Å. 22 The structure of complex 2 with fullerene C 70 is also layered. In the structure, closely packed layers formed by {CpMo(CO) 2 Mo(CO)2 with fullerenes C60 and C70 (1-3). (Fig. 5a ). The distance between the center of mass of C 70 spheroids is 9.98 Å and each anion forms four van der Waals C…C contacts with the neighbors in the 3.19-3.37 Å range (these contacts are shown by green dashed lines in Fig. 5a ). The distance between the center of mass of two C 70 spheroids from different chains is 10.67 Å and the C⋅⋅⋅C contacts do not form. Fullerene layers are also strongly corrugated in 2 producing vacancies for the PPN + cations (Fig. 5b) . 
d). Magnetic properties
Magnetic properties of 1-3 were studied by EPR and SQUID measurements. A weak EPR signal manifested by complex 1 can be approximated by broad and narrow Lorentzian lines with
of the narrow line is about 6% of that of the broad line. The narrow line has nearly temperature independent linewidth and g-factor down to 4 K. The broad line strongly narrows with the temperature decrease as generally observed for the EPR signals from C 60
•− . 25 According to SQUID measurements, only about 2% is S = 1/2 spins per formula unit contribute to the magnetic susceptibility of 1. We suppose that the observed EPR signals originate mainly from paramagnetic impurities and major part of the sample is EPR silent and diamagnetic.
Complex 2 with C 70 manifests a very weak EPR signal with g = 2.0008 and linewidth of 0.62 mT at RT. In this case, less than 0.4% of the sample contributes to the EPR signal and 2 is also EPR silent and diamagnetic. The data obtained for 1 and 2 are in a good agreement with optical and X-ray diffraction data showing the presence of neutral fullerenes. were also EPR silent due to the formation of a coordination bond between fullerene and iridium though they were formed by initially paramagnetic Cp*Ir II X and C 60 •− species. 22 
34-37 e). Theoretical analysis
To obtain the further insights into the electronic structure of the {Cp ( * ) Mo(CO) 2 values, and number of imaginary frequencies are summarized in well reproduces the X-ray structure, indicating that the present functional is highly reliable in describing the discussed anions ( Fig. 6 and Tables S3, S4 and According to the calculations, more negatively charged C 60 in 3 than in 1 can be explained by stronger back donation due to the stronger electron donor ligand Cp* in the former case. Thus, the difference in the charge distribution in the {CpMo(CO) 2 (Table S5 , and Figs. 6 and S8). This geometrical change is accompanied by electron Fig. 6 Optimized structures of the (a) 1 A and (b) 3 A states in {Cp*Mo(CO)2(η 2 -C60)} − at the M11/cc-pVTZ-PP/cc-pVDZ level of theory. In the top view, the Cp* ligands are omitted, and the Mo(CO)2 moiety is highlighted for clarity. transfer from Cp*Mo(CO) 2 to the C 60 moiety (Table S6 and Fig. S11) , and results in a resurgence of spin densities on molybdenum and C 60 moiety (Table S8 and Fig. S12 ). From another point of view, this result suggests that the spin state is controllable by tuning the conformation chemically and/or physically (e.g. ligand design, shear stress, photo excitation, and so on).
Experimental

Materials
(PPN)Cl (99%) was purchased from Aldrich. Fullerenes C 60 (99.9%) and C 70 (99%) were received from MTR Ltd. The {CpMo(CO) 3 } 2 (> 98%) and {Cp*Mo(CO) 2 } 2 dimers (> 99%) were purchased from Aldrich and Strem, respectively. Sodium fluorenone ketyl was obtained as described. 10 Solvents were purified under argon atmosphere. o-Dichlorobenzene (C 6 H 4 Cl 2 ) was distilled over CaH 2 under reduced pressure; hexane was distilled over Na/benzophenone, and benzonitrile was distilled over Na under reduced pressure. All operations on the synthesis of air-sensitive 1-4 and their storage were carried out in a MBraun 150B-G glove box under controlled atmosphere with water and oxygen content less than 1 ppm. The solvents were degassed and stored in the glove box. KBr pellets for IR-and UV-visible-NIR measurements were prepared in the glove box. EPR and SQUID measurements were performed on polycrystalline samples of 1-3 sealed in 2 mm quarz tubes under 10 -5 Torr.
Synthesis
Crystals of 1-4 were obtained by diffusion technique. The reaction solutions were filtered in a 50 mL glass tube of 1.8 cm in diameter with a ground glass plug, and 30 mL of hexane was layered over the solution. The crystals were precipitated during 1-2 months. The solvent was decanted from the crystals and they were washed with hexane. Composition of the complexes was determined from X-ray diffraction of single crystal.
Several crystals from the synthesis tested by X-ray diffraction showed the presence of only one crystal phase. For preparation of (PPN + ){CpMo(CO) 2 It was cooled down to room temperature and filtered into the tube for diffusion. The diffusion into the hexane layer produced black needles in 62% yield. We found that addition of filtered solution of 4 into the flask containing 30 mg of C 60 results in the dissolution of fullerene, and brown-green solution formed. Slow mixing of the obtained solution with hexane produced the crystals of 1. The crystals tested by X-ray diffraction were found to be isostructural to 1. However, the crystals were of lower quality than those obtained via the (PPN + )(C 60 •− ) salt.
Due to high air sensitivity, the composition of 1-4 was determined from X-ray diffraction on single crystals only. Elemental analysis can hardly be used in this case since 1-4 react with oxygen in air prior to quantitative oxidation procedure for analysis.
General
UV-visible-NIR spectra were measured in KBr pellets on a Perkin Elmer Lambda 1050 spectrometer in the 250-2500 nm range. FT-IR spectra were obtained in KBr pellets with a Perkin-Elmer Spectrum 400 spectrometer (400-7800 cm -1 ).
EPR spectra were recorded for sealed polycrystalline samples The intensity data for 1 were collected on a MAR225 CCD detector using synchrotron radiation at the BESSY storage ring, BL 14.2 (λ = 0.9050 Å, PSF of the Free University of Berlin, Germany). The structures were solved by direct method and refined by the full-matrix least-squares method against F 2 using SHELX-97 package. 40 Data collection for the crystals of 2 and 3 was carried out with a Bruker Smart Apex II CCD diffractometer with graphite monochromated MoK α radiation using a Japan Thermal Engineering cooling system DX-CS190LD. Raw data reduction to F 2 was carried out using Bruker SAINT. 41 The structure was solved by direct method and refined by the full-matrix least-squares method against F 2 using SHELXL-2013. 40 The intensity data for 4 were collected on an IPDS (Stoe) diffractometer with graphite monochromated MoK α radiation. Experimental data were processed using XArea software. The structures were solved by a direct method and refined by a full-matrix least-squares method against F 2 using SHELX-97. 40 All non-hydrogen atoms were refined 
